Abstract. Structural health monitoring of concrete infrastructures has attracted enormous attention due to the brittle nature of concrete. In this research, we report the carbon fibre/silicon rubber composite sensors and their excellent monitoring in concrete's compression. It is shown that the electric resistance change synchronously with the mechanical deformation of concrete during the compression process. With the increase of carbon fibre fraction, the sensitivity decreases and the numerical equations to predict the structural change are also obtained. The experimental results reported here highlight the potential application of CF/silicon composites as an effective, real-time structural monitoring sensor with low-cost and long life.
Introduction
Structural health monitoring (SHM) and damage detection tools have been urgently needed for civil infrastructures/systems due to the increased awareness of economic and social effects of deterioration resulting from the coupling effect of long-term, fatigue and mutation [1] [2] [3] . Among the conventional materials for infrastructures, cement-based concrete is of typical brittle materials and there are large number of randomly distributed micro-cracks and micro voids inside. Under the external force, the micro-crack will continue to expand and finally link to each other [4, 5] . Compared with other kinds of SHM sensors such as optical fibre or piezoelectric materials [6, 7] , conductive polymer composites (CPC) are of increasing importance and show promising properties for a wide range of sensor principles. The major reason is the possibility to tailor the material properties very precisely and they also show outstanding flexibility, low cost, high durability and great compatibility with structural materials [8] [9] [10] . Among these materials, composites with carbon fibers as dopants have been intensely studied due to their excellent electric and mechanical properties. Carbon fibre/silicon rubber composites as structural health monitoring sensors were studied in our group and it has been proved that the composites have stable electric resistance-time characteristic, wide working temperature range and large deformation [11] . In this work, their real-time structural monitoring in concrete's compression was further studied. Results show that they have excellent sensing performance.
Experimental
Preparation of CF/silicon rubber composites. Short carbon fibres (CF) were chosen with conductivity of 5.6×10 4 S/m and length of 3 mm. They were cleaned with acetone and kept in the oven. As the matrix, silicon rubber was diluted with hexane. The composite sensors were prepared by room temperature melt mixing method [11] . Carbon fibres were added into the diluted solution and mixed manually and then under the ultrasonic device. Four weight fractions of 0.6%, 0.75%, 0.8% and 0.9% were chosen, which corresponds to the volume fraction of 0.84%, 1.05%, 1.13% and 1.26%. The residual air in the mixture could be removed through evacuating device. Organotin and tetraethoxysilica (TEOS) were added under mixing which were used as the catalytic and crosslinking agent, respectively. After 24h room temperature curing in a mold, the composites were obtained with a size of 150 mm × 150 mm × 3mm. Characterizations. Samples were coated with platinum and observed on a QUANTA 200F (FEI, America) at an accelerating voltage of 20kV. The sensitivity tests of composites were characterized by the real-time combination of mechanical and electronic performance. Concretes doped with polymer were chosen as the study goal. The four-electrode method was used in the resistance tests which were carried on a digital multimeter (UT805, Uni-Trend Group Limited). The strain and stress results were obtained with the help of CSS-88000 series electronic universal testing machine.
Results and Discussion
Morphologies of composites. Fig. 1 shows the typical pictures of composites with low and high fraction of carbon fibres. It indicates that carbon fibres after treatments are uniformly distributed in the silicon rubber. Moreover, with the increase of carbon fibres, the bridging points between fibres increase which form the channels for electron transport in the whole composites. The electrical property of CF/silicon rubber composites is firstly studied before the sensing performance. Fig. 2 shows the current-potential curves of composites. It is obvious that the composites agree with the Ohm's law when the potential is smaller than 8V, which is similar with some metallic conductors. However, the conductivity is slightly increased due to the decrease of CF's resistance as the temperature rises during the electric process. As a matter of fact, the composites will expand simultaneously which increase the distance between fibres and decrease the conductivity of composites. According to the results from Fig. 2 , it represents that the latter effect is not obvious here. Fig. 2 The current-potential curves of CF/silicon composites with different volume fraction of CF Advanced Engineering Forum Vol. 5 225
Structural monitoring properties. The composites were bonded to the concrete using the post-yield epoxy. Electrical contacts are established by drying colloidal silver paste over single-strand wire to form a two-probe measurement setup as shown in Fig. 3 . After a 6h drying period, the structural monitoring of CF/silicon rubber sensors during concrete's compression is conducted by combination of compressive load tests and electric characterization.
Fig. 3 Equipments (a) and testing (b) images of CF/silicon sensors monitoring the concrete compression
The compressive strain, stress of concrete and the electric resistance of composites were collected until the failure of concrete. It is observed that the four side faces of concretes expand due to the longitudinal compression and the sensors were tensed. Fig. 4 shows the experimental results of concrete and composites with different factions. It is shown that stress-strain curves of concretes could be divided into two phases, namely the elastic (OA) and plastic (AB) phase. Meanwhile the electric resistance curves are also divided into two periods (OA 1 and A 1 B) followed along with stress-strain curve. In the first phase, the stress and electric resistance change ratio linearly increase with the strain. But the resistance changes not greatly in this period. During the second phase, the resistance changes frequently and nonlinearly. The micro-cracks expand inside the concrete until the failure of concrete. The results here indicate that the CF/silicon rubber composite sensors could monitor the structural change during the compression process. 
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Numerical studies of sensing performation. In order to further describe the sensitivity of CF/silicon rubber composite numerically, the resistance change curves at two phases are fitted seperately. It is obvious that a linear relationship could be established for the first phase and an exponential curve is appropriate for the second phase. The first equation is described as:
where A is the coeffiency or the slope of the fitted lines. Fig. 5 shows the fitted curves for the first phase. It is observed that the slope decreases with the increase of fraction of carbon fibre. Fig. 5 The experimental and fitted curves about resistance change ratio and compressive strain of composites during the first phase
For the structural health monitoring sensors, one of the most important factors is the strain sensitivity which is expressed as [12] :
Thus S R =A here which means A represents the strain sensitivity. For the second phase, the fitted equation could be described as:
where C, D and E are coefficients for the exponential curves. Fig. 6 reveals the fitted results and Table Comparing with these two phases, the monitoring of the latter one is more important due to the heavier destruction. Thus the broad range at second phase is good for the structural health monitoring. According to the results shown in Fig. 4 , the optimal fraction of carbon fibre is about 1.10vol%. Based on the relationship between the conductivity of composites and their CF fraction, the percolation threshold is 0.80vol% [11] . The sensing performance shown here proves that CF/silicon rubber composites have excellent structural monitoring properties during concrete compression. 
Summary
In this work, the carbon fibre reinforced silicon composites were prepared and their structural health monitoring of concrete in compression was studied. Results show that the electric conductivity of carbon fibre/silicon rubber composites has the synchronous change with the compressive
